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Constraints on the Higgs mass

Standard Model: a very successful theory
- Explains most of known phenomenology of particle physics

Last missing piece: the Higgs boson, has yet to be «,
detected =

> |n a sense, the fact that (W=, Z) are massive is a testament of
Higgs-like mechanism at work

The SM does not predict the mass of Higgs boson
> Need to be determined from experiment

Direct observation of Higgs boson is needed
> LEP excluded SM Higgs boson with M,,; <114.4 GeV/c? at 95%CL

Higgs boson enters into radiative corrections
> Constrain the mass of Higgs boson from precision measurement
> Logarithmic dependence causes only weak constraints
> With latest top/W mass from Tevatron: M, < 154 GeV/c?at 95% CL
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Tevatron Experiments

» The only machine currently capable to directly probe the Higgs sector above
LEP limit

> Proton-antiproton collisions at 1.96 TeV center-of-mass energy
> Two-multipurpose detectors: CDF and DO, stable operations




Tevatron Experiments




Tevatron Experiments
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evatron Luminosity Progress

r ‘ Record peak inst. luminosity

Collider Run Il Peak Luminosity
3.6 E10%2cm2s
3.5 E10% -— o
. Record luminosity/week

J00E«32

E g‘ 74 pb-*

10042 0 1-!.‘ﬁ

g e Record luminosity/month
a

263 pb-

S00E«

— oo Total Luminosity delivered
6 fb

4 -

' Collider Run |l Integrated Luminosity

—-A17§0- T T T T T
)
80.00 . 515(“)- ]
100 times more data /{ g
o . <+ 5000.00 r—}
2 ..., than used for Top quark discovery ! /|| 2 E12s0( i
'g 400000% :
£ 2 21000+ -
5 E o
—é 4000 — 300000 3 =
g ] X 750 :
E zoouoog’
% 20.00 g SM" N
i 100000m
250} 04
000 4 0.00
5 35 65 95 125 155 185 215 245 275 305 335 365 395 \ 0 + y e
Week # 0 - v w302 3 \ LA |
(laak1 starts 030EN1) 0 50 100 150 200 250 300 350

| wm \Veekly Integrated Luminosity —e—Run Integrated Luminosity . Dﬂ_\' ‘




nggs boson at the Tevatron
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nght Higgs boson at the Tevatron
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Heavy Higgs boson at the Tevatron
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« W/Z associated production next
most frequent mode: o

~0.2-0.01 pb
100 120 140 160 1éo 200 2 —
o WWwW
y (GeV/c?) E
-High Mass: M= 13SGeV/c2 s A
g2 — H — WTW dominates | |
« Leptonic decays of the W’s help to
suppress backgrounds
» Associated modes also contribute 10°2]
« See next talk by H.Greenlee!
107 "~ 140 160 180 200

2
m, (GeV/c?)




The challenges of the Higgs searches

» Hadron colliders: most promising for discovery ~ Events
Challenging experimental environment 8 Total inelastic in 1fb™1
QCD production: orders of magnitude higher than signals 8 D)
o 10
» Many background processes are not yet well- § 4 -mb
measured/understood S 10 bb 11011
Continuously reaching new landmarks = X
Single top evidence. S 40
Observations of diboson production: WW, WZ, ZZ = 10 ‘ub
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Measuring small signals at Tevatron
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Measuring small signals at Tevatron

| Events
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Measuring small signals at Tevatron
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Measuring small signals at Tevatron
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Measuring small signals at Tevatron
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Measuring small signals at Tevatron

“Well, either we've found the Higgs boson,

or Fred's just put the kettle on”
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The Higgs search strategy

» Efficient triggers to keep most of potential Higgs candidates
- High P; charged leptons: e or u to select leptonic decays of the W/Z

- MET+Jets: to select ZH — vvbb or WH — {vbb (the lepton is not identified)
> Lepton+Track for T 7 -modes or MET+Jets for WH — Tvbb

» Increase signal yields:
Improve lepton acceptance by improving the e /u ID

> More efficient b-tagging algorithms: crucial for low-mass Higgs: /7 — hh dijet mass resonance
- Better understand the calorimeter response: Dijet mass resolution

Signal produced
Signal accepted ~1 ~3 ~2
Signal/Background ~1/200 ~1/280 ~1/400




The Higgs search strategy

» Efficient triggers to keep most of potential Higgs candidates
- High P; charged leptons: e or u to select leptonic decays of the W/Z

- MET+Jets: to select ZH — vvbb or WH — {vbb (the lepton is not identified)
> Lepton+Track for T 7 -modes or MET+Jets for WH — Tvbb

» Increase signal yields:
Improve lepton acceptance by improving the e /u ID

> More efficient b-tagging algorithms: crucial for low-mass Higgs: /7 — hh dijet mass resonance
- Better understand the calorimeter response: Dijet mass resolution

Signal produced
Signal accepted ~1 ~3 ~2
Signal/Background ~1/200 ~1/280 ~1/400

» Looking for a resonance in Dijet mass
- Backgrounds are large in size, with large uncertainties

> Use multivariate techniques to maximally separate signal from backgrounds
ural Networks, Matrix Element, Boosted Decision Tree, etc...

18



The Higgs search strategy

» Efficient triggers to keep most of potential Higgs candidates
- High P; charged leptons: e or u to select leptonic decays of the W/Z

- MET+Jets: to select ZH — vvbb or WH — {vbb (the lepton is not identified)
> Lepton+Track for T 7 -modes or MET+Jets for WH — Tvbb

» Increase signal yields:
Improve lepton acceptance by improving the e /u ID

> More efficient b-tagging algorithms: crucial for low-mass Higgs: /7 — hh dijet mass resonance
- Better understand the calorimeter response: Dijet mass resolution

Signal produced
Signal accepted ~1 ~3 ~2
Signal/Background ~1/200 ~1/280 ~1/400

» The statistical significance of single channels is not enough
- Combine all the channels within CDF and DO, and combine CDF and DO
> Collect as much data as possible: improve triggers, data-taking efficiency




Analysis tools: b-jet identification

CDF & DO
Displaced tracks

Decay lifetime
L‘%, // vertex
-
/
/

Primary vertex

=

Promé;trackg/

» Dijet Invariant Mass: resonance from H—bb

Jet

» Exploit long lifetime of B-mesons: b-tagging
o Identify signal with jets from b-quarks

> Suppress light flavor backgrounds (u, d, s or g)
> Improves S/B to from 1:1000 to ~1/50-1:100

» Various algorithms used by CDF and DO
> Identify the displaced vertex from the decay of B

Tagger

b-Jet Efficiency (%)

30 P ;
/ [ p,>15and Allf |
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0 05 1 15 2 25 3 35 4 45
Fake Rate (%)

> Exploit multiple features of b-jets: NN tagging
° Probability that the tracks come from prime vtx: JetProb
- High b-tagging efficiency: 40-70%
SecVtx Tag Efficiency for Top b-Jets
0.7 — ; ; . : .
0.6f :
0.5} ]
0.4f ]
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i CDF BB Loose SecVix
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Analysis tools: lepton identification

>
8 250 - _[_ D@ Runll Preliminary 0.94 fo™'
» Identify the decays of the W/Z g F e

g C - QCD multijet

o Electrons: tracks matched to shower max in ECAL £ | B

150—

o Taus: tracks matched to a calorimeter cluster . W2} x 100
A :

o Muons: tracks matched to muon chambers = W mass with

W— 7 v (D0)

» Expand the lepton coverage
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0
° Interplay between sub-detectors: cover the “holes” Tenaveron W Mass (o)
> Include forward detectors to extend coverage 6r
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Analysis tools: lepton identification

73250_— _[_ D@ Runil Preliminary 0.94
» Identify the decays of the W/Z %2005_ = w
> Electrons: tracks matched to shower max in ECAL £ F e
o Taus: tracks matched to a calorimeter cluster 1505_ Esizison
> Muons: tracks matched to muon chambers oot W; mass with

W— 7 v (D0)

» Expand the lepton coverage

100 120 140 160 180 200

° Interplay between sub-detectors: cover the “holes” imataidat el
> Include forward detectors to extend coverage e
I
o
MET35 + TWO JETS (rigger dala C —CMUP
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% o CDF Run Il Preliminary, 117pb ™ . 4 CMX
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e : * Good understanding of the i — AT
E| 1
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10 = » Efficiently remove events ol

with fake MET 2 e ' 3 >
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Analysis tools: multivariate techniques

» Maximize discriminating power: global kinematics of signal & backgrounds

> Machine learning techniques: Neural Networks (NN), Boosted Decision Trees (BDT), etc.
> Calculate the probabilities for event to come from signal from LO matrix element (ME)

» Multivariate techniques help to improve the sensitivity
- Remove large, uncertain backgrounds to reduce large systematic effects
> Increase the significance of signal
> Test these methods in well-known processes: e.g. tthar

» Evidence for semi-leptonic WW/WZ at DO: Random Forest (RF) technique
- Dijet mass scan yields 2.9s.d. (expected), output of RF improves sensitivity to 3.6s.d.
- Observed signal significance 4.4s.d.: o™eas=20.2+4.5 pb (otheorv=16.1+0.1 pb)

> |
D@, 1.1 6 + Data 8 3500F = Data i
g 3000 .Dib_oson Signal \%{ 30005 Il Diboson Signal Po. 1 §
3 2500 B Wsjets 3 L I Weers P
s 2000 E%:::)m § 2500 ] Zujels Z
F 2 <t
= CMultijer 2000 EETop e S 3000F pgy 1.1 fb' +-Data
1500 E [ ] Multijet o > = . .
oo 1s00f- = M Diboson Signal
E w) .
1o00f 9 2500 [ Wets
3 5]
500 .
: > [ ]Z+jets
00 50 100 150 200 250 3 . m 2000
- - . L5 2 25 3 - Top
e - AG(MET, lep )
Ao DO, 1.1 +Du -~ Random Forest |, ;
3500L M Diboson Signal | - [ D@, 1.1 fi' ~+ Data - / z [ ]Multijet
3000F [ Weets M Diboson Signal| S
[T1Z+jets W WHets

TFuant

I Top
[ IMultijet

[1Z+jets
W Top
[ IMultijet

06 07 08 09 1
RF Output
23

01 02 03 04 05

G T :
Input distributions o=
~_ -




Two charged leptons:zu — ¢te-bb, ¢ =e,u

» Fully reconstructed final state

——Data
— B —
> Two resonances: H—bb and Z —II e w 1.1fb" —PN8s
) (&) == Z+bb(cc)
- The dilepton mass cut M, = M, =t
WZ
. ; L
» Dominant backgrounds: 10% — s
g

o Z+jets (irreducible Z+bb), top, dibosons

» Small oxBr: ~1 event/fb-!
> Acceptance is crucial: employ loose b-tagging
> Analyze events with at least one b-jet

-

Number of Events / 10

=] 5 1 O Oz @z 40 60 80 100 120 140 160

g B Bu g Dz Leading-Pt di-jet mass (GeV)
| 16 Owz Wz [0 mistags

;% 14 .WW O Z+ce uncertainty

o 12

MERT) : :

E 5 Special techniques:

= > Correct jet E;’s using MET=> JER improves from
= 6

Z

------ 18% to 11%

> Lepton coverage: stubless u’s, forward €’s:
23t improve limit by 10%

0 50 100 150 200 250 300 350
M;; (GeV/c)
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Two charged leptons: za — ¢t¢=bb, ¢ = e,

» Improve analysis sensitivity: 8¢ :8%‘[3)
- CDF: Matrix Element and 2D NN SO — Z+jets
[43)
- D@: NN for ee and BDT for yu channels 10 EtZt+bb(cc)
T -
T Wz
@& 2.7 fb-! s =77
£ Own Ozz Wz o F —/ZH 115
g l4 .ZH 2? .Z+Jets g
E 35 DWZ .Zalifs” .mlstags E
; . B ww [ Z+cc  E uncertainty %0-1 =
'E 2.5%:
Z va »= TR N INER A O AN

105402 -0 02 04 06 08 1 1.2 1.4 1.6 1.8
Neural Network output

0 01 02 03 04 05 06 07 08 09 1

— 1
— ZH Neural Network _ Mp=115 (fb- EVtS limit | limit

CDF ME (M,=120) 2.1 14.2
CDF NN 2.7 2.1 9.9 7.1
D@ BDT 2.3 2.1 12.3 11.0
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One charged lepton: WH — ¢vbb, t = e, u

Events

“Large” oxBr, clean signature

- Acceptance to about 3-4 events/fb-!
- High P;leptons, MET and >2 jets

Dominant backgrounds:

- W+bb, top, diboson, QCD multi-jet

W + 2jets / 2b-tag
@ ® Data
8 2.7fb1 CIW + jets

E - multijet
70— [ I3

- D wbb
601 B other
50;_ CwH x 10
40;—
30;—
20;—
10

100 150 200 250 300 350 400

DiJet Mass (GeV)

CDF Run Il Preliminary 2.7 fo!

2] = o W
E 240 :_ [ | mlc)::z;n
[ )] - I W+LF
> 220 :— . Top
w 200F Diboson
"'6 - [ Z+jets
© 180 o B Non-W
(] - —— WH (120 GeV) (x 50)
e C —s— Data
[ 160 — F Background Error
> 140
120—
100—
80
60—
40—
20— -
0 20 40 60 80 100 120 140 160

Transverse mass of W candidate

» Special techniques:
- CDF/D@: at least 1 b-tag, loose double-tag
- CDF/D@: ME to discriminate signal from bckg
> CDF: loose muons, NN-based jet correction

- D@: forward electrons, events with 3 jets
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One charged lepton: wH — ¢vbb, ¢t =e,u

——— WH (m =115 Gev) (x 10)
\ I w+bb

= B W-cT, W+e
Woay/ 2.7 fb™1 |mm v
1 1~ Top

Other
—e— Data

» Improve analysis sensitivity: g2
> CDF: BDT+NN — SuperDiscriminant using NEAT 3 10EN
- D@: NN for events with 2 jets, Dijet Mass for 3-jets

100 -1
W + 2jets / 2b-tag 10745
2.7fp1  eoma ’

8o (W +jets 107
- - multijet

[ I 102
- Cwob
60— B other

I OwHx 10

Events

UOIIPaId O} PZIBWION

I A P |

o Ll

0 010203040506070809 1

SuperDiscriminant NN

Analysis Lumi | Signal | Exp | Obs
M,=115 |(fb )| Evts |limit| limit

CDF NEAT 2.7
02 0 02 04 06 08 1 1.2
2 b-tag NN output D@ NN 2.7 13.3 6.4 6.7
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Zero charged leptons:VH —Erbb

| QCD Rejection NN, Signal Region, ST+JP |

. — _ CDF Run |l Preliminary, 2.1 fb”'
» Large signal acceptance: zy — vvbb/ WH — fvbb "™ <~
- Acceptance to about 3-4 events/fb-" 1402 =::
> Large MET and >2 jets 120f oo
> Information of W/Z missed: no strong constraints 100 e
. C Signal e
» Dominant backgrounds: sol- region
> QCD with fake MET, W/Z+jets, top, diboson ol
40;
LS L L A ) B
.;:tp)/c-jels L
%0 — el %% -1 05 0 05 1 15

2 . '| f b—] Wab/c-jets

Wijets(L.f.)
Diboson

QCD Rejection NN
40

I Mulijet
— Hx10 (115 GeV)

Events / 12.00 GeV

) » Special techniques:

- CDF/D@: data-driven QCD model, track MP+

- CDF: at least 1 b-tag, 3 tagging channels,
NN-based event selection (QCD rejection
NN), track-based jet corrections

20

10

200 250 300 _
DiJet Invariant Mass (GeV) - CDF: accept WH — tvbbh with hadronic 1
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Zero charged leptons:VH —Erbb

| NNoutput, Signal Region, ST+ST |

» Improve analysis sensitivity: — CDE Run i Preliminary, 2.1
- CDF: NN with separate training for 2 and 3 jets [ (s=igp =M":
- D@: BDT for double tagged sample 0 NuigE I sv0n 7
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NN output -
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Other channels:H — tt+2 jets, WH — tvbb

» Analyze all feasible channels
- Additional sensitivity in combination

» CDF: H->7T7+2 jets
- Largest backgrounds: QCD fakes, Z=2T11+jets
- Sensitivity to WH/ZH, VBF, ggH
> Train 3 NN targeting specific backgrounds

» D@: WH->Tubb: hadronic T+MET+ b-jets

10

CDF Run Il Preliminary

\ —=— Observed (L =2.0 fb™)
i } Jet - 1 (QCD+Wijets)
| Top
| Diboson/Z — Il

| Z 511+ jets
Higgs(MH=120)x30

01 02 03 04 05 06

Min(NN(Sig _ Z),NN(Sig vsTop)?Ii,IN(Sig ,,aco))

08 09 1

> Largest backgrounds: W+jets, top, multijet
> Require 2 b-tagged jets
> Scan the Dijet Mass distribution

Lumi | Signal | Exp | Obs
(fb=1) | Evts | limit| limit

Analysis
M,=115

CDF 17+2jets 24.8 30.5

D@ WH->71ubb 1.0 0.2 42.1 354

Entries per 12 GeV

o pres N s b
G o G DN 61w so
IIIIIIIIIIIII|I|IIII|llllllllllllllllllllll!l

o
HITTTT

D@ Runll Preliminal

r
Data
[ waets
B <co mutti,..
— 0.9f

Other SM backgrounds
H+(W/Z) x 10

60 80 100 120 140 160 180 200 220

DiJet Invariant Mass (GeV)
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Additional channels

» D@: ttH->/ubbbbqqg (2.1fb1)

> Scan the distribution of H;: scalar sum of je:

> 4 or5 jets, 1-3 b-tagged jets

> Exp (Obs) Limit: 45.3 (63.9)*SM
» D@: H->vy (4.2 fb1)

> Scan the Diphoton mass

> Exp (Obs) Limit: 18.5 (15.8)*SM
» CDF: VH->qgqgbb (2.0fb1)

- Good signal acceptance: large BR(W/Z->qq)
- Employ ME technique, 2 b-tagged jets

> Exp (Obs) Limit 37 (38)*SM

210%:
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CDF and DO combined limits

» Increase the Tevatron reach: statistically combine all search channels
- Effectively double the analyzed luminosity
- Systematic uncertainties: nuisance parameters with truncated Gaussian constraints
> Set 95% C.L. upper limits on the Higgs boson production cross-section

CDF Run I Prellmmary, L=2.0-3.0 b’

| D@ Preliminary, L=1.0-3.0.00.. | Observed Limit

..........................................  ESEEESENEE - - Rrtodedr e AL R R

SM nggs Comblnauon Expe;cted Limit

: Expécted '_|'?2—G

95% CL Limit / 6(SM)

95% CL Limit/SM

z z j 1
T T P PO J”"TD'WPS’ SR
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CDF and DO combined limits

» Increase the Tevatron reach: statistically combine all search channels
- Effectively double the analyzed luminosity
- Systematic uncertainties: nuisance parameters with truncated Gaussian constraints
> Set 95% C.L. upper limits on the Higgs boson production cross-section

CDF Run II Preliminary, L=2.0-3.0 fb™!
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Tevatron: future prospects

2xCDF Preliminary Projection, m ;=115 GeV
I e

= | |
%) Summer2005 y
— Summer 2006
§ Summer 2007
%I January 2008
9 December 2008 S
8 With Improvements
Q_ ,,,,,,,,,,,,,,
5 NN S
W LINNOS T~
\\
1
| | ‘ | |

0 2 4 6 8 10 12 4
Integrated Luminosity/Experiment (fb™')
» Experiments are continuously improving analysis technique:
Progress much faster than only from additional data

Sensitivity increased factor of 1.5 w.r.t last year: equivalent of more than double luminosity
Should be able to probe SM cross-sections with full Tevatron luminosity

L RN .
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Tevatron sensitivity for 2o
2xCDF Prolectlon

‘January 15,2009 s s ; ;
{Prellmlnaryr—""@ """"""" S N\ N\ R

0.9
0.8 z z z z z z | z

o7 P~ L N A
0.6 | | | | | | | |
0.5
0.4
0.3
0.2
0.1

With additional
factor 1.5

| 1 1 | | | 1 1 improvement in

: rrrrrrrrrrrrrr rrrrrrrrrrrrrr 77777777777777 ,,,,,,,,,,,,,, NG 1 analysis technique

Probability of 20 Excess

T T T

X )
-
L, \

0 /
100 110 120 130 140 150 160 170 180 190 200
With Projected Improvements m|-| (G ev /C )

» Experiments are continuously improving analysis technique:
Progress much faster than only from additional data
Sensitivity increased factor of 1.5 last year: equivalent of more than double luminosity
Should be able to probe SM cross-sections with full Tevatron luminosity
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Tevatron sensitivity

2xCDF Projection

for 30

1 f}w\l%\/x\w\/\f)/[ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L
X

jary 15, 2009
0.9

0.8
0.7
0.6

—_ Analyzed L_10 fb 1/Exp

— Analyzed L_5 flo" 1/Exp

Probability of 3o Evidence

{1\\?\\/(\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

mlnary """"""" """"""" """"""" """""

os| 8\ /] \ -
oa | &\ SN
s X ~—" |\
02| TN A
01 il .

With additional
factor 1.5
improvement in

,,,,,,,,,,, | analysis technique

0100 110 120 130 140 150 160 170 180 190 200

With Projected Improvements mH (GeV/c )

» Experiments are continuously improving analysis technique:

L

> Progress much faster than only from additional data
- Sensitivity increased factor of 1.5 last year: equivalent of more than double luminosity
> Should be able to probe SM cross-sections with full Tevatron luminosity
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Tevatron: luminosity prospects

Luminosity projection curves for Run |l
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» Tevatron running very well

- Expect to have > 7.8 fb-'/exper by the end of 2010
> More than 6.6 fb~'/experiment of good data
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Summary

» Accelerator and the experiments performing very well

» Broad program of Higgs physics
- Search for signal in all feasible channels
> Quick turn-around to analyze additional accumulated data

» Combined Tevatron sensitivity below 3*SM (for MH=115GeV)
- Steadily getting close to being able to probe Standard Model Higgs production

» Analysis improvements in progress:
- Enhanced b-tagging efficiency, new triggers, additional lepton categories
- Additional tools to increase statistical sensitivity: optimize multivariate tools
> Reduce background uncertainties: systematics will start to be limiting

» The Tevatron does have a chance to find an evidence of Higgs
> A flow of improvements and close collaboration between CDF and D@ are crucial
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Central Calorimeter (EH)

Wall Calorimeter (H) / A
A

Plug Calorimeter (EH) '

P\
Forward MuQ /'("/'\/@:
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The CDF and DO detectc_j,)rs_
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Forward Calorimeter (E)

:"-:‘ \ : 7’_‘
Luminosity Monitor

Time of Flight DO Detector

entral Outer Tracker
Silicon Vertex Detector
Intermediate Silicon

v Tracking: silicon tracker + drift chamber
v'CDF |n|<2 scint
v'DO |n|<3

v Calorimeters: central, wall, plug coverage:
v' CDF |n|<3.6
v' DOIn|<4.2

v" Muon coverage |n|<2
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Experiments’ performance

Data Taking Efficienc - , : -
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» Data taking efficiency ~85-90%

» ~5% due to trigger dead time

» ~5% from beam conditions

» ~5% occasional detector related downtime
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The searches for the Higgs boson

» The Higgs mechanism is testable in experiments

» Direct observation of the Higgs boson is needed
» The interactions of the Higgs boson are predicted by theory, but not its mass

P S— » Searches for the Higgs boson in 70’s-80’s

M, <18 MeV

| oxciuded by nucear 00" transitons - Before the LEP era searches were sensitive to M,< 5GeV
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accessible in m-p~Hn at low energies ?

O MY o ey » LEP provided the most stringent bounds for
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» Indirect constraints provided first hints 1 my (GeVie™)
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Electroweak fits

» Indirect constrains from EW parameter fits provided first hints of top

quark mass
> Will this repeat for Higgs?
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Setting the limit

» Use Bayesian and frequentist approach:

Nbins

Bayesian L(R,3,b[#,6 [T wie ™ in ’><He

=1 j=1

%

—9 12

O

~

A

Frequentist(CL,)  LLR, =22 (s,—n,Log(1+-%))

i=1 i

(0]

If the excess is significant after combination, do

more checks to make sure not statistic fluctuation.

If no excess, set 95% CL upper limit vs mH
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